Abstract. This paper presents an agent-based model that simulates the dynamics of child maltreatment and child maltreatment prevention. The developed model follows the principles of complex systems science and explicitly models a community and its families with multi-level factors and interconnections across the social ecology. This makes it possible to experiment how different factors and prevention strategies can affect the rate of child maltreatment. We present the background of this work and give an overview of the agent-based model and show some simulation results.
Introduction
Child maltreatment (CM) is a serious problem in magnitude and burden in the United States and around the world. According to state Child Protective Service (CPS) agencies, about 900,000 children are confirmed as having been maltreated each year in the United States (DHHS, 2004) . In a national survey, 14.2% of men and 32.3% of women reported histories of sexual abuse and 22.2% of men and 19.5% of women reported histories of physical abuse (Briere & Elliott, 2003) . Total direct (e.g., hospitalization, chronic health problems, social service system) and indirect (e.g., special education, lost productivity to society) costs of CM in the U.S. were estimated at $103.8 billion annually in 2007 (Wang & Holton, 2007) . Substantial documentation exists in scientific literature of the association between CM and a broad range of emotional, behavioral, and physical health problems, e.g., depression and anxiety; conduct disorder and antisocial behavior; and diabetes, obesity, and reduced cognitive functioning. A recent CDC commentary in the Journal of the American Medical Association suggests that progress in preventing the nation's worst health problemssuch as obesity, diabetes, and heart disease -can be made by investing in programs that promote raising infants and young children in healthy, safe, stable, and nurturing surroundings (Mercy & Saul, 2009 ). The article suggests that investments in early intervention/prevention programs can counter adverse experiences in childhood, promote optimal development, and reduce disparities in health.
Despite the importance of CM prevention, many of the current methodologies employed to understand and prevent maltreatment have not fully advanced the field to the point of making significant impact at the population level. In addition, funding, safety, and ethical issues prohibit engaging in research of this scope. The work of CM prevention is particularly challenging due to the dynamic and complex nature of this phenomenon. This complexity results from a system containing multi-level (individual, relationship, community, societal) factors across the social ecology, diversity of actors (such as families, schools, government agencies, health care providers) that potentially affect maltreatment, and multiplicity of mechanisms and pathways that are not well studied or well understood. By acknowledging that CM prevention is affected by a dynamic system of interacting variables with continuous feedback loops into the broader system, additional methodologies seem necessary to capture this non-linear and delayed response.
Complex systems science and agent-based modeling offer tremendous promise in this area because they have proven to be a powerful framework for exploring systems with similar characteristics (Hammond, 2009) . Complex systems science is built on systems theory and incorporates elements of multi-level analysis, the transdisciplinary approach to prevention science, and social simulation. Some basic characteristics include: order flows from interactions, not from central control; systems are naturally adaptive and creative; the whole is greater than the sum of the parts; and small changes may produce big effects. Complex systems science has been used in other areas of public health to address problems such as heroin, cardiovascular disease, diabetes, mental health, and tobacco. As an example, complexity modeling of obesity has resulted in tools that help uncover the underlying dynamics of the problem, and help assist in identifying which areas will be more amenable to policy intervention and where leverage may best be applied for any particular policy goal (Hammond, 2009) . Often this process of simulation modeling reveals critical leverage points that take into account a system's counterintuitive tendencies, unintended consequences, and time delays, therefore opening new avenues for fundamental improvement.
Using a complexity science-informed approach, we developed an agent-based model that simulates the dynamics of child maltreatment and child maltreatment prevention. This model primarily focuses on the community level of the social ecology, but also incorporates both the individual and relationship levels. It allows users to simulate how different factors and prevention strategies at the community level could affect the rate at which child maltreatment occurs. In this paper, we present the background of this work and give an overview of the agent-based model and show some simulation results.
The Social Ecology of Child Maltreatment
To understand the benefits of complexity science-informed approach, it is useful to first consider that the field of CM prevention has adopted the social ecological model (SEM) as an organizing conceptual framework for its work (Belsky, 1980; National Research Council , 1993; Dahlberg & Krug, 2002) . The SEM is a systems perspective meaning that attention should be directed both to distinguishable parts and interconnections. Factors at the individual level are related to factors at the community and societal levels. Strategies need to be targeted at all four levels of the social ecology (individual, relationship, community, societal) to ultimately impact the rate of CM at a population level. However, this conceptual understanding has resulted in only small shifts in how CM prevention is studied and how programs operate. It is still typical for programs to only focus on one level or part of the social ecology at a time (Kelly, 2006; Stokols, 1992) . Those programs are predominately at the individual and relationship levels (Freisthler, Merritt, & LaScala, 2006) .
In a report by Daro, Barringer, and English (2009) recently commissioned for the National Quality Improvement Center on Early Childhood Education (QIC-EC), they report that characteristics of successful child maltreatment primary prevention programs include those that offered a variety of service components across the social ecology. These include child development (via home visits, quality child care), family development (comprehensive health and mental health services, parenting education, nutrition education, health care and referrals, family support), and community building. Approaches of this type are more likely to sustain prevention efforts over time than any single intervention. There has been growing recognition that to truly prevent CM requires the development of the means to address the community and societal level factors underpinning the maltreatment of children (Tomison and Wise, 1999) . This suggests the adoption of holistic prevention strategies with a focus on 'whole of community' approaches designed to influence a broad network of relationships and processes within the family and across the wider community. Unfortunately, there are few programs with demonstrated effectiveness at the community or societal levels of the SEM.
Complexity science provides a new set of tools and perspectives that promise to move forward the study of and implementation of practices that truly take a systemic perspective. An expanded lens regarding systems helps investigate the myriad of interconnections that exist between and among each level of the SEM. This would aid in the SEM being more fully implemented through new pathways for practice and research.
The Agent-based Model of Child Maltreatment
Given the foregoing rationale, the community level was selected as the most relevant level of analysis for developing the agent-based model of child maltreatment, hereafter referred to as ABM-CM. The ABM-CM explicitly models a community of agents, each of which corresponds to a family unit in the community. We employ a resource-based conceptual model to simulate the occurrence of child maltreatment. Specifically, each agent is a family unit that includes a parent-child relationship (or caregiver-child relationship, used interchangeably in this paper). Thus the agent model deals with two basic components which are referred to as parent care (denoted as P) and child need (denoted as N). The parent care generally refers to the care that a parent can provide to take care of the child. This includes any care that the parent may obtain from supportive resources, such as the family resource and the community resource, if they exist. The child need represents the amount of care that a child requires for proper health and well-being. Intuitively, if an agent's parent care is enough to meet the child need, there is no maltreatment; otherwise, there exists unmet child need and thus the agent exhibits child maltreatment. Fig. 1 shows the major elements and the dynamics of the ABM-CM. Below we describe these elements. Our description focuses on explaining the concepts, while omitting the implementation details and leaving the mathematical equations to the Appendix of this paper. 
Child Need
The child need represents the amount of care a child requires. To model that different children have different needs, we use a child need base to represent the average of an agent's child need. Different agents have different child need base, reflecting that each child's need is different. For example, a child with a developmental disability will have a higher child need base. During the simulation, an agent's actual child need is dynamically generated by oscillating within a range based on its child need base. In the current implementation, an agent's child need base is assigned to the agent in the beginning of the simulation and does not change as the simulation proceeds.
Parent Care Readiness and Family Resources
Child maltreatment is a complex phenomenon affected by a multiplicity of factors at different system levels (e.g., individual, family, community, and societal) of the social ecology. In the ABM-CM, this social ecological aspect is mainly modeled by how an agent calculates its parent care. To serve this purpose, we introduce a parent care readiness (denote as P') into the agent model. The idea is that each agent has a level of readiness for parent care, which depends on the parent's individual characteristics and the community environment and societal context where the agent lives. The parent care readiness is independent of the child need. In other words, this is the level of parent care that an agent would like to provide due to its readiness instead of the child need. As a result, this level of parent care is always provided by the agent, unless it surpasses the available family resources (described later) of the agent.
An agent's parent care readiness is affected by three factors at three different system levels: individual, community, and societal. We name these three factors as individual value (denoted as C1), community value (denoted as C2), and societal value (denoted as C3) respectively. The individual value reflects the parent's biological and personal characteristics (e.g., age, education background, history of abuse); the community value represents the wellness of the community as perceived by the agent; and the societal value reflects the societal context where the agent lives. It is important to note that these "values" are abstractions from the various factors in the real world to serve the modeling purpose. Different agents have different individual values and community values, but they all share the same societal value. An agent's individual value is assigned in the beginning of the simulation and does not change during the simulation. However, this could be extended in the future, for example, to reflect an agent can learn and improve itself over time. Different form the individual value, an agent's community value is dynamically calculated at every time step based on the agent's perception of the community's wellness. Different agents perceive the community differently because of their different social networks. Section 3.3 gives more details about how the community value is calculated. The societal value is defined as a constant and shared by all the agents. An agent's individual value, community value, and societal value all contribute to the agent's parent care readiness. In the current model, the parent care readiness is calculated as a linear function of the three values (see Equation (1) in Appendix).
While the parent care readiness denotes the level of parent care that an agent prefers to provide, the actual parent care is also constrained by the family resources the agent has. The family resources are loosely defined as the maximum capacity of a family that an agent can use to provide child care. They are affected by a family's economic and social situations. For example, a parent has more family resources if there are family members living in the house to help the child care; a parent has more resources if the family's economic condition is good and supportive for providing care. In the agent model, each agent has a different capacity (randomly generated in the beginning of the simulation) of family resources and this capacity does not change over time. Family resources alone are not enough to promote positive child development, however. Much depends on how the family translates the available resources into positive child-caring behaviors (Megawangi et. al., 1995) . In the ABM-CM, this role is served by the parent care readiness, which indicates how well an agent prepares itself to use the family resources for providing child care. As a result, an agent's actual parent care is defined by its parent care readiness as long as the readiness does not exceed the family resources. When an agent's parent care readiness exceeds its family resources, the agent cannot provide the parent care as it prefers to because the limitation of its family resources. In this case, the actual parent care is constrained by the family resources (see Equation (2) in Appendix).
Social Network and Community Openness
The ABM-CM views a community not only as the living environment, but also a potential resource for obtaining support in providing child care. A community's social structure is defined by the social network. Each agent is connected to some other "neighbor agents" through its social network. In the current implantation, the social network among agents is a scale-free network. It is generated using the preferential attachment algorithm of Barabasi and Albert (1999) in which the probability a new node links to existing nodes is increasing in the number of links the existing node already has, creating a positive feedback through which popular nodes become even more popular. This network structure can be easily replaced by other types of network that better fits a community in the real world. The social network structure is initialized in the beginning of the simulation and does not change over time. However, this could be extended in the future to assign weights to the network connections and to allow connections to be dynamically added and removed. A dynamically changing social network structure would make it possible to simulate events that families dynamically establish connections with other families in the process of seeking to build a supportive network for child care.
An agent perceives its community through its social network. Thus the agent's community value C2 is defined by both the community's overall wellness and the agent's perceptions of its neighbor agents, if they exist. Specifically, an agent's community value C2 is calculated as the average of the overall community wellness and all its neighbor agents' parent cares (see Equation (3) in Appendix).
Being part of a community, each agent has a community openness attitude (denoted as λ) towards the community. The community openness defines how much the agent would like to be involved in the community. Specifically, the community involvement refers to two types of activities: 1) asking for support from its neighbors if its child need is not satisfied; 2) providing support to other agents if being requested and having remaining family resources. In general, the higher an agent's community openness is, the more likely the agent will be involved in the community; the lower an agent's community openness is, the less likely the agent will be involved in the community activities. In the agent model, this likelihood is specified by a community involvement probability (denoted as α), which is calculated based on the agent's community openness (see Equation (4) in Appendix).
As a simulation proceeds, an agent's community openness is dynamically updated based on the agent's experience in the community. In the current model, if the agent asks for support from neighbors and successfully gets enough support to meet its child need, it increases its community openness; otherwise if the agent asks for support but does not get enough support, it decreases its community openness (see Equation (5) in Appendix). The dynamically changing community openness will then influence the agent's likelihood of community involvement.
The Dynamics -How the Agent Model Works
Having described the elements of the agent model, this section describes how the agent model works. The major activities that an agent goes through in one simulation step are shown in Fig. 1 . In the beginning of every simulation step, an agent generates a child need according to its child need base. This child need defines the amount of parent care that needs to be provided in order not to cause child maltreatment. Meanwhile, the agent computes its parent care readiness from its individual value, community value, and societal value. Among them the community value is calculated from the overall community wellness and all the neighbor agents' parent cares. This parent care readiness represents the agent's preferred parent care in this time step. The actual parent care is then calculated by comparing the parent care readiness with the family resource and selects the smaller one between them. After that the agent compares the parent care with the child need to check if the child need is met. If the parent care is less than the child need, the agent has a need to get more support (from its neighbor agents). Otherwise, the child need is satisfied. Even when an agent needs to get more support, the agent may or may not actually ask for support from its neighbor agents. This is because of the agent's community openness that defines the likelihood of community involvement. In the simulation, the decision of whether the agent asks for support or not is based on the agent's community involvement probability (computed from the agent's community openness). At this stage an agent may also receives request from its neighbors to provide support. When this happens, the agent provides support only when it still has remaining family resource and it is willing to provide the support. Again, the willingness is based on the agent's community involvement probability. Finally, the agent assesses the result to see if its child need is met, and then updates its community openness based on the result as described in Section 3.3.
CM Prevention Modeling
Modeling the impact of CM prevention depends on how the prevention strategies operate on the community or the agents. A preventive strategy can impact a community through multiple pathways, such as resource, e.g., adding a community resource center from which families can get support; knowledge, e.g., increasing families' awareness of community-based supports through publicity; belief, e.g., changing families' community openness attitude through social events; and social structure, e.g., building new connections or enforcing existing connections among families. Special types of agents will be developed to model these pathways for simulating the impact of different prevention strategies. For example, to model that a child care center is added in the community, a special agent for the child care center can be created and included in the simulation. This agent is connected to every agent in the community, reflecting that it is accessible to all families in the community.
Simulation Results
We carried out a series of simulated experiments (simulations) using the ABM-CM by systematically varying the initial conditions and various model parameters to see how this would affect simulation results. That way, we were able to explore a variety of plausible scenarios that could result, given the assumption we made in setting up the model. The simulations presented in this section aim to demonstrate the major features of the ABM-CM and focus on the qualitative aspect, e.g., to show the trend of CM rate. Because of this, the model parameters and the time step used in the simulations have arbitrary units, intended for exploring how the model system behaves under varying conditions without predicting specific values in the real world.
Our first simulation shows how the social structure of a community can impact the number of child maltreatment. In this experiment, we simulate a community with 50 agents. All agents' family resources are 80; their child need bases are randomly generated between 50 and 70; their individual values are randomly generated between 40 and 80; and their societal values are set to 50. We note that in this setting, agents' family resources are big enough. Nevertheless, because of agents' different child need bases as well as individual values, some agents are not able to meet their child needs. To show the impact of community's social structure, we varied the initial values of agents' community openness (we set all agents to have the same initial value) in different simulations. During a simulation, depending on an agent's and its neighbor agents' characteristics, the agent's community openness may increase or decrease, which then changes the agent's community involvement likelihood for getting support from or providing support to its neighbors. The simulations show that after a period of transition time, the community is able to "stabilize" and each agent's community openness stays at a certain "stable" level. Fig. 2(a) shows a simulation snapshot with agents shown as boxes, agents' social connections shown as links, and the different levels of community openness shown by different colors. We run the simulations for 2000 steps and measured the number of unmet child needs from step 1000 to 2000 (the first 1000 steps are considered as the transition period). Fig. 2(b) shows the average number unmet child need in every step when the initial values of agents' community openness increase from 10 to 90. We also varied the density of the community's social connections by using two different social networks (still the same set of agents). One social network (denoted as high connection) has more connections than the other (denoted as low connection). The results in Fig. 2 shows that 1) as agents' community openness increases, the number of unmet child need decreases; 2) the community with more social connections has less child maltreatment (even with the same set of agents). Our second experiment illustrates the temporal dynamics when a child care center is added in and then removed from a community. Fig. 3 shows the average community value (red), the number of agents with unmet child need (blue), and the community openness of a selected agent (dark cyan) over time. In this experiment, the community initially has no child care center and the percentage of agents having unmet child need is about 60% (30 out of 50 agents). A child care center was added to the community at time 1000. As a result, Fig. 3 shows that the number of agents with unmet child need gradually decreases; the community openness of the selected agent increases; and the overall community value gradually increases too. Because of the support from the child care center, agents increase their community openness and as a result the overall wellness of the community is improved. At time 2000 the child care center was removed and the community went back to the initial situation of having no child care center. Fig. 3 shows that when the child care center was removed the number of agents with unmet child needs increases (to around 15). However, this number is significantly smaller than that in the beginning stage of the simulation. The selected agent's community openness was also able to maintain at a high level. This experiment shows that when a community's overall wellness is improved, the community can sustain its wellness (because agents support each other) even when some resources in the community are taken away. 
Conclusion
This paper presents an ABM-CM for studying child maltreatment and child maltreatment prevention and shows some preliminary results. As one of the first efforts in applying a complexity science-informed agent-based modeling approach to the field of child maltreatment prevention, this work builds a starting point from which many future research and developments can be carried out. Some immediate extensions of this work include comprehensive analysis and evaluation of the model, incorporating risk and protective factors of child maltreatment, and aligning the model with real world data and carrying out model validation.
